Cocaine abuse and attention deficit/hyperactivity disorder (ADHD) are often comorbid. Preclinical research indicates that medial prefrontal (mPFC) and orbitofrontal (OFC) cortices are important neural substrates for both disorders. Using the spontaneously hypertensive rat (SHR) model of ADHD, we reported that adolescent treatment with the stimulant methylphenidate, a dopamine (DAT) and norepinephrine (NET) transporter inhibitor, enhanced cocaine self-administration during adulthood, and was associated with increased DAT function in mPFC. This study investigates the effects of atomoxetine ((R)-N-methyl-g-(2-methylphenoxy)-benzenepropanamine hydrochloride) treatment, a selective NET inhibitor, during adolescence on cocaine self-administration and on DAT function and cell-surface expression in mPFC and OFC during adulthood. SHR acquired cocaine self-administration faster than Wistar-Kyoto and Wistar. Across cocaine doses, SHR earned more cocaine infusions and had higher progressive-ratio breakpoints than Wistar-Kyoto and Wistar, demonstrating that the SHR phenotype models comorbid ADHD and cocaine abuse. Prior atomoxetine treatment did not augment cocaine self-administration in SHR, but acquisition was enhanced in Wistar-Kyoto. No strain differences were found for DAT kinetic parameters or cellular localization in the vehicle controls. Atomoxetine did not alter DAT kinetic parameters or localization in SHR mPFC. Rather, atomoxetine decreased V max and DAT cell surface expression in SHR OFC, indicating that inhibition of NET by atomoxetine treatment during adolescence indirectly reduced DAT function and trafficking to the cell surface in OFC, specifically in the ADHD model. Thus, atomoxetine, unlike methylphenidate, does not enhance vulnerability to cocaine abuse in SHR and may represent an important alternative for teens with ADHD when drug addiction is a concern.
INTRODUCTION
Attention deficit/hyperactivity disorder (ADHD) affects 8-12% of children, and up to 5% of adults, making it one of the most prevalent disorders (Biederman et al, 2010) . Adults with ADHD have a higher risk of developing substance-use disorders compared with individuals without ADHD (Wilens et al, 1998) . In particular, individuals with ADHD have a 35% higher incidence of cocaine abuse compared with the general population (Levin et al, 1999) , and children with ADHD are two times as likely to use cocaine during adulthood (Lee et al, 2011) .
One explanation for comorbid ADHD and cocaine abuse may be commonalities in neuronal substrates. Hypoactivation of the orbitofrontal cortex (OFC) and dorsolateral prefrontal cortex (DLPFC) is evident in both disorders and leads to deficits in working memory, decision making, and response inhibition (Adinoff et al, 2003; Bolla et al, 2003; Burgess et al, 2010; Cubillo et al, 2011; Wilcox et al, 2011) . With respect to rodents, behavioral flexibility, working memory, and sustained attention are regulated by both the medial prefrontal cortex (mPFC) and OFC (Floresco et al, 2009) . Moreover, mPFC and OFC also regulate cocaineseeking behavior in outbred rats self-administering cocaine (Di Pietro et al, 2006; Kantak et al, 2013) . As the mPFC in rodents is functionally analogous to DLPFC in primates (Uylings et al, 2003) , these findings suggest that mPFC and OFC function is critical for understanding the mechanisms underlying comorbid ADHD and cocaine abuse.
There is a paucity of information concerning the effects of ADHD medications on the comorbidity of ADHD and cocaine abuse. Primarily, two categories of medications are used to treat ADHD: stimulants (eg, methylphenidate) and non-stimulants (eg, atomoxetine ((R)-N-methyl-g-(2-methylphenoxy)-benzenepropanamine hydrochloride)). Methylphenidate is a dopamine and norepinephrine transporter (DAT and NET, respectively) inhibitor (Richelson and Pfenning, 1984) , whereas atomoxetine is a selective NET inhibitor (Bolden-Watson and Richelson, 1993) . Although methylphenidate is the first-line treatment for ADHD, atomoxetine has efficacy nearly comparable to methylphenidate in reducing ADHD symptoms (Garnock-Jones and Keating, 2009) .
Clinical reports suggest that methylphenidate treatment initiated in childhood may be protective against cocaine addiction (Wilens et al, 2003) , or alternatively, not modify cocaine abuse liability in ADHD individuals (Molina et al, 2013) . However, a positive correlation was reported between age of initiation of methylphenidate treatment and cocaine abuse during adulthood (Mannuzza et al, 2008) , such that lifetime rates of cocaine abuse were higher when treatment was initiated in early adolescence. Preclinical models using carefully controlled experimental conditions may be valuable for evaluating mechanisms underlying these controversial clinical results. Previous work using spontanously hypertensive rats (SHR), a well-established model of ADHD (Kantak et al, 2008; Sagvolden et al, 2005) , found that methylphenidate treatment during adolescence increased cocaine self-administration in adult SHR compared with untreated SHR and compared with methylphenidate-treated Wistar-Kyoto (WKY) or Wistar (WIS) control rats (Harvey et al, 2011) . In the latter report, repeated administration of methylphenidate during adolescence increased the selfadministration efficacy for a range of doses of cocaine, without altering sensitivity for cocaine in SHR. Increased vulnerability to cocaine self-administration in SHR may be due to methylphenidate-induced increases in DAT function in mPFC relative to untreated SHR and methylphenidatetreated WKY or WIS (Somkuwar et al, 2013) . These findings from the SHR model are complimentary with observations in humans, such that previously medicated ADHD individuals have higher striatal DAT density compared with non-ADHD individuals (Fusar-Poli et al, 2012) . Striatal DAT function is also elevated in cocaine users (Mash et al, 2002) . However, cortical DAT expression in ADHD and in cocaine users has not been reported.
Atomoxetine, unlike methylphenidate, has very low affinity for DAT (Heal et al, 2008) . However, selective inhibition of NET by atomoxetine increases extracellular concentrations of both norepinephrine and dopamine in PFC (Arnsten, 2009 ), because NET is responsible primarily for dopamine clearance in this brain region (Moron et al, 2002) . In outbred rats, atomoxetine reduces cocaine-seeking and cocaine cue-induced reinstatement (Economidou et al, 2011; Janak et al, 2012) . However, effects of atomoxetine on cocaine self-administration and on DAT function and cell surface expression in SHR have not been determined. This study tests the hypothesis that, in contrast to the effects of methylphenidate treatment, treatment with a pharmacologically relevant dose of atomoxetine (Bymaster et al, 2002) during adolescence does not increase vulnerability for cocaine self-administration in adult SHR after the atomoxetine treatment has been discontinued. To identify longterm changes in dopaminergic systems, DAT function and expression in mPFC, OFC, and striatum in adult SHRs were evaluated following the administration of a pharmacologically relevant dose of atomoxetine during adolescence. Further, to identify changes in DAT function that may influence cocaine self-administration, neurochemical studies were conducted in rats at the same age at which cocaine self-administration was initiated.
MATERIALS AND METHODS

Subjects
Male WIS/Cr, WKY/Cr and SHR/Cr rats (Charles River Laboratories, Wilmington, MA, Kingston, NY or Raleigh, NC) arrived on postnatal day 25 (P25). SHR served as an animal model of ADHD, and WKY and WIS as inbred and outbred comparator strains, respectively. Experiments 1, 2, and 3 used the same group of rats. Experiment 4 used a separate group of rats. Experiment 5 again used a separate group of rats. Housing has been described previously (Harvey et al, 2011) and in the Supplementary Materials. From P28 through P55, rats received atomoxetine or vehicle (see below) Monday through Friday to mimic the weekend 'medication holiday' often recommended for individuals with ADHD (American Academy of Pediatrics Committee on Children With Disabilities and Committee on Drugs, 1996) . For rats used in the behavioral studies, an intravenous catheter was implanted on P67 (see Supplementary Materials for details). Protocols were approved by the Institutional Animal Care and Use Committee at Boston University and at the University of Kentucky, and were performed in accordance with the 1996 version of the NIH Guide for the Care and Use of Laboratory Animals.
Drugs
Atomoxetine (R)-N-methyl-g-(2-methylphenoxy)-benzenepropanamine hydrochloride (Tocris Biosciences, Ellisville, MO; 0.3 mg/ml) was dissolved in 0.9% sterile physiological saline and injected intraperitoneally at a dose of 0.3 mg/kg. This relatively low dose was chosen to increase extracellular norepinephrine concentrations in PFC, although this dose also has been shown to increase extracellular dopamine concentrations in PFC through inhibition of NET (Bymaster et al, 2002 ). An intraperitoneal route was utilized because of poor oral bioavailability of atomoxetine in rats (Mattiuz et al, 2003) . For intravenous self-administration studies, cocaine hydrochloride (NIDA, Bethesda, MD) was dissolved in sterile 0.9% physiological saline containing 3 IU of heparin per ml. A cocaine unit dose of 0.3 mg/kg was used for training, and doses from 0.003 to 1.0 mg/kg were used to evaluate dose-response functions.
Experiment 1: Acquisition of cocaine self-administration (fixed ratio). Experiment 1 determined the speed at which WIS, WKY, and SHR acquired cocaine self-administration, and evaluated strain-dependent effects of adolescent atomoxetine treatment on acquisition. Sessions (2 h) were conducted daily Monday-Friday beginning on P77 in lighted chambers described in Supplementary Materials. Rats were allowed to press the active lever (left or right, counterbalanced across rats) for a 0.3 mg/kg cocaine infusion under a fixed ratio 1 (FR1) schedule of reinforcement. Responses on the inactive lever were recorded, but had no consequences. Animals received no external inducements to respond on either lever (spontaneous acquisition). A stimulus light located above the active lever was illuminated upon receipt of a cocaine infusion and remained illuminated during a 20-s timeout period, during which additional infusions could not be earned, but lever responses were counted. The house light was extinguished during the timeout. Acquisition of cocaine self-administration was defined as earning X20 infusions in a 2-h session for two consecutive sessions, and discriminating the active from inactive lever by a factor of 2 or greater (Harvey et al, 2011) .
Experiment 2: Cocaine dose-response functions (FR).
Experiment 2 evaluated the efficacy of cocaine reinforcement in WIS, WKY, and SHR, and identified strain-dependent effects of adolescent atomoxetine treatment on responding maintained by a range of cocaine doses under an FR1 schedule. Following achievement of acquisition criterion, rats continued under an FR1 schedule of 0.3 mg/kg cocaine delivery until active lever responses and infusions varied o10% across five consecutive sessions. A range of cocaine unit doses (0.003, 0.01. 0.03, 0.1, and 1.0 mg/kg per infusion) was then substituted in random order two times each week (Tuesdays and Fridays). The 0.3 mg/kg training dose was available on intervening days. Following determination of FR1 cocaine dose-response functions, baseline responding was re-established for the 0.3 mg/kg dose for 2-3 days before beginning Experiment 3.
Experiment 3: Cocaine dose-response functions (progressive ratio). Experiment 3 assessed the motivating influence of cocaine reinforcement in WIS, WKY, and SHR, and identified strain-dependent effects of atomoxetine treatment during adolescence on progressive-ratio (PR) breakpoints across a range of cocaine unit doses. The PR schedule of Loh and Roberts (1990) was implemented, such that response requirements on the active lever increased exponentially for each subsequent cocaine infusion. Self-administration sessions terminated when rats failed to meet the response requirement within 1 h. The last FR completed was defined as the PR breakpoint. Baseline responding under the PR was established for the 0.3 mg/kg dose for five consecutive sessions, after which test doses (1.0, 0.1, and 0.01 mg/kg per infusion) were substituted in descending order.
Experiment 4: Dopamine uptake assay. Experiment 4 assessed DAT function in mPFC, OFC, and striatum of WIS, WKY, and SHR treated with atomoxetine or vehicle. Kinetic analysis of [ 3 H]dopamine uptake into mPFC, OFC, and striatal synaptosomes was conducted using a previously published procedure (Marusich et al, 2011) with minor modifications. Purified synaptosomal suspensions from mPFC, OFC, and striatum from one atomoxetine-and one vehicle-treated rat of the same strain and age (P77-P84) were prepared as detailed in Supplementary Materials. Briefly, mPFC, OFC, and striatal samples were incubated for 5 min in the absence or presence of an excess concentration of nomifensine, a DAT inhibitor, to determine nonspecific [ H]dopamine uptake was obtained by subtracting nonspecific uptake from total uptake; these values were used to determine kinetic parameters (V max and K m ) using the commercially available GraphPad Prism 5.0 program (GraphPad Software, San Diego, CA).
Experiment 5: DAT cellular distribution assay. Experiment 5 assessed DAT cellular distribution in mPFC, OFC, and striatum of WIS, WKY, and SHR treated with atomoxetine or vehicle. Synaptosomal pellets of mPFC, OFC, and striatum were resuspended in 1.25 ml (mPFC and OFC) or in 3 ml (striatum) of ice-cold sucrose solution. Biotinylation and western blotting assays were performed using a previously published method (Somkuwar et al, 2013) detailed in Supplementary Materials. Briefly, synaptosomal suspensions were incubated with sulfo-NHS biotin to label all surface proteins. Synaptosomes were lysed by sonication and incubation in Triton X-100 buffer. Total protein fractions were obtained by centrifugation. Twothirds of the total protein fractions were incubated with avidin beads to separate non-biotinylated (supernatant) from avidin-conjugated biotinylated fractions (pellet). Total, non-biotinylated, and biotinylated fractions were subjected to gel electrophoresis and western blotting, and subsequently probed for DAT protein, Na þ /K þ ATPase (plasma-membrane-enriched protein), and PP2A (intracellular protein) for determining efficiency of biotinylation, and b-actin (cytoskeletal protein, loading control) to ascertain protein loading. Band density, expressed as relative optical density, was determined for DAT and b-actin using the ImageJ software (http://imagej.nih.gov/ij).
Data Analyses
Dependent measures for self-administration experiments included sessions to reach acquisition criterion (square root transformed before analysis), cocaine infusions earned, active, and inactive lever responses, and PR breakpoints. Dependent measures for DAT functional assays included K m (log transformed before analysis) and V max (pmol/mg/min; atomoxetine-treated rats were normalized as percent of vehicle-treated control of the same strain). For the cellular distribution assay, DAT from each fraction (total, intracellular, and surface) for each brain region was normalized to b-actin levels in the same sample. Dependent measures were analyzed by one-factor (strain), two-factor (strain Â treatment, drug dose Â treatment, or drug dose Â strain), or three-factor (drug dose Â strain Â treatment) ANOVAs, with repeated measures for dose. Post hoc Tukey's tests were used in behavioral studies and Tukey's or one-sample t-tests (compared with a hypothetical value of 100) for matched subjects in neurochemical studies. Outliers in neurochemical studies were removed before analysis using the Grubbs test (GraphPad Software; http://www.graphpad.-com/quickcalcs/Grubbs1.cfm).
RESULTS
Experiment 1: Acquisition of Cocaine SelfAdministration (FR)
Sessions to reach the acquisition criterion for the 0.3 mg/kg dose is shown in Figure 1 . Strains differed significantly (F(2, 47) ¼ 7.0, pp0.002), and there was a trend for a strain Â treatment interaction (F(2, 47) ¼ 2.7, pp0.07). Overall, SHR acquired cocaine self-administration faster than WKY and WIS (pp0.04 and 0.002, respectively). Treatment comparisons within each strain revealed that in WKY, acquisition of cocaine self-administration was faster after atomoxetine than vehicle (pp0.03). Atomoxetine did not alter acquisition speed in SHR or WIS. Strain comparisons within each treatment revealed that in vehicle-treated rats, SHR acquired cocaine self-administration faster than WKY (pp0.02). In atomoxetine-treated rats, both SHR and WKY acquired cocaine self-administration faster than WIS (pp0.01 and 0.05, respectively).
Analyses of active and inactive responses as well as infusions earned at criterion also were performed (Supplementary Table S1 and Supplementary Figure S1 ). These analyses confirm strain-level differences, with SHR emitting more active lever responses and earning more cocaine infusions than WKY or WIS, overall. These analyses also revealed that at criterion, atomoxetine treatment increased active lever responses exclusively in SHR. Moreover, numbers of inactive lever responses emitted were not different between strains and between treatment conditions, and rats discriminated the active from inactive lever by a factor of 2 or greater (Supplementary Table S1 ).
Experiment 2: Cocaine Dose-Response Functions (FR)
Cocaine dose-response functions based on the number of infusions earned under FR1 are shown in Figure 2a . For the three-way ANOVA, strain (F(2, 43) ¼ 18.4, pp0.001) and dose (F(5, 215) ¼ 185.5, pp0.001) differed, and there was a strain Â dose interaction (F(10, 215) ¼ 9.3, pp0.001). The treatment factor and its interactions with strain and/or dose were not significant. Overall, SHR earned more cocaine infusions than WKY and WIS (pp0.001). Further testing of the strain Â dose interaction indicated that SHR earned more infusions than WKY for cocaine doses ranging from 0.003 to 0.3 mg/kg (pp0.04), and more infusions than WIS for cocaine doses ranging from 0.003 to 0.1 mg/kg (pp0.01 except at 0.01 mg/kg, where pp0.08). In addition, WIS earned more infusions than WKY at 0.1 mg/kg (pp0.001). No strain differences were observed at 1.0 mg/kg. Analyses of the cocaine dose-response functions based on the number of active lever responses were similar to the above number of infusions earned (Supplementary Figure S2) .
Experiment 3: Cocaine Dose-Response Functions (PR)
Cocaine dose-response functions based on the last FR completed under the PR schedule are shown in Figure 2b . For the three-way ANOVA, strain (F(2, 42) ¼ 10.1, pp0.001) and dose (F(3, 126) ¼ 53.3, pp0.001) differed. The treatment factor and its interactions with strain and/or dose were not significant. Overall, SHR had higher breakpoints than WKY and WIS (pp0.001 and 0.01, respectively). Further analysis of the dose factor revealed that animals maintained the highest breakpoints at 1.0 mg/kg, which differed from all other doses, and maintained the lowest breakpoints at 0.01 mg/kg, which also differed from all other doses (pp0.001-0.03). Breakpoints maintained by 0.3 and 0.1 mg/kg did not differ from each other. PR breakpoints based on infusions earned and active lever responses also were analyzed and results were similar to the last FR completed measure (Supplementary Figures S3 and S4 ). Table S2 ). Also, the V max for [ 3 H]dopamine uptake by DAT in mPFC, OFC, and striatum did not differ between strains treated with vehicle ( Figures 3a, 4a and 5a ). Atomoxetine treatment did not alter V max in mPFC in any strain when compared with the corresponding vehicle control. Also, there were no differences in V max in mPFC between strains treated with atomoxetine ( Figure 3a) . Conversely, with respect to the OFC, atomoxetine decreased V max for [ 3 H]dopamine uptake in SHR (t(7) ¼ 2.42, pp0.05) and WIS (t(5) ¼ 5.67, pp0.005) by 25% and 51% of vehicle control, respectively (Figure 4a) . Furthermore, there were strain differences in OFC in the atomoxetine-treated groups. Specifically, V max was lower for atomoxetine-treated SHR and WIS (14% and 55%, respectively) compared with atomoxetine-treated WKY (F(2, 21) ¼ 8.22, pp0.005). Atomoxetine also decreased V max in SHR striatum (t(6) ¼ 2.74, pp0.05) by 18% of vehicle control (Figure 5a ). However, V max in the striatum did not differ among the atomoxetinetreated groups. Representative blots for distribution of DAT between total, non-biotinylated (Non-Biot; intracellular), and biotinylated (Biot; cell surface) fractions in striatal synaptosomes from ATO-treated (a) and VEH-treated (V) WIS, WKY, and SHRs. Actin was used to normalize DAT expression for each individual sample, whereas Na þ /K þ ATPase and protein phosphatase A (PP2A) served to ascertain the efficiency of biotinyation of surface proteins (n ¼ 5-6 per strain and treatment). *Pp0.05 compared with the VEH control value of 100%.
Experiment 4: Dopamine Uptake
Experiment 5: DAT Cellular Distribution Assay
In the vehicle-treated groups, no between-strain differences in DAT cellular distribution were found in mPFC, OFC, and striatum (Supplementary Table S3 ). Atomoxetine treatment did not alter DAT cellular distribution in mPFC (Figures 3b  and c) . However in OFC, atomoxetine treatment significantly decreased (22% of vehicle control) DAT expression in the surface fraction only in SHR (Figures 4b and c ; t(7) ¼ 2.50, pp0.05). DAT cellular distribution in OFC in the atomoxetine-treated groups was not different between the strains (Figures 4b and c) . In the striatum, atomoxetine treatment during adolescence increased total DAT expression in SHR (18% of vehicle control; t(7) ¼ 2.76, pp0.05) and WIS (12% of vehicle control; t(6) ¼ 4.35, pp0.05; Figures 5b and c) . Also, surface DAT in the striatum of WKY was increased (13% of vehicle control; t(7) ¼ 2.88, pp0.05; Figures 5b and c) . DAT cellular distribution in the striatum did not differ among atomoxetine-treated groups (Figures 5b and c) .
DISCUSSION Strain Differences in Behavior and DAT Neurochemistry
Compared with inbred WKY and outbred WIS comparator strains, SHR acquired cocaine self-administration faster, and showed greater intake and higher breakpoints across a range of cocaine unit doses under FR1 and PR schedules. These results suggest that SHR exhibit a vulnerable cocaine self-administration phenotype, characterized by faster acquisition, higher efficacy, and a greater motivating influence of cocaine reinforcement. Vulnerability is reflected by vertical shifts in FR and PR dose-response functions (Piazza et al, 2000) . Thus, these findings further verify the utility of the SHR for modeling comorbid cocaine abuse and ADHD (Harvey et al, 2011) .
Comparator strains did not differ, except that WIS had greater cocaine intake and made more active lever responses than WKY for 0.1 mg/kg cocaine under FR1. This dose produced peak rates of responding in all strains. Cocaine doses commonly abused in people and those associated with peak rates of responding in rhesus monkeys produce similar levels of striatal DAT occupancy (Wilcox et al, 2002) . This suggests that strain differences in cocaine self-administration may reflect strain differences in DAT function or expression. Compared with WIS, WKY have decreased DAT density in nucleus accumbens (Jiao et al, 2003) . In this study, however, there were no strain differences in DAT function in mPFC, OFC, or striatum under vehicle conditions. Further, no differences were found in DAT cellular distribution in mPFC, OFC, and striatum among SHR, WKY, and WIS, which is in agreement with some previous findings (Jiao et al, 2003; Li et al, 2007) , but not others (Pandolfo et al, 2012; Roessner et al, 2010) . Inconsistencies in striatal DAT expression may be explained by the use of [ 3 H]GBR 12935 to assess expression, as this radioligand binds to both intracellular and cell surface DAT protein (Roessner et al, 2010) . Further, prior history of the subjects, including participation in behavioral assays, may explain some inconsistencies between studies in striatal DAT function and expression (Pandolfo et al, 2012) . With respect to striatal cell surface DAT expression, there was a trend suggesting that WKY had lower DAT expression than SHR and WIS, although this was not associated with differences in striatal DAT function (Harvey et al, 2011; Womersley et al, 2011) . Thus, based in the literature, cocaine may be a more efficacious reinforcer in SHR and WIS than WKY, because of greater DAT cell surface expression within the reward circuit in SHR and WIS.
Effects of Atomoxetine Treatment
Following discontinuation of methylphenidate treatment in adolescent SHR, an increase in cocaine self-administration was observed; and importantly, this was not observed in the control WKY and WIS rats (Harvey et al, 2011) . These findings appear to differ from those of other investigators reporting no increase in cocaine self-administration after discontinuing methylphenidate treatment (Gill et al, 2012; Thanos et al, 2007) ; however, rats or monkeys that did not have an ADHD phenotype were used in these studies. Thus, our results with the control strains (not expressing the ADHD phenotype) are in agreement with the latter findings. Further, our results using SHR, which display the ADHD phenotype, extend the literature, and moreover, are in agreement with clinical reports that teens with ADHD treated with stimulant medication have greater liability for cocaine abuse (Harvey et al, 2011; Mannuzza et al, 2008) . Interestingly, when the ADHD stimulant treatment was initiated during childhood, a decreased drug abuse liability was found in adulthood (Wilens et al, 2003) . Taken together, this approach using an animal model of ADHD is appropriate and clinically relevant for determining the effects of alternate ADHD medications such as atomoxetine.
Adolescent atomoxetine treatment did not alter cocaine self-administration behavior in SHR, with one exception. Atomoxetine-treated SHR made more active lever responses at the acquisition criterion under FR1, without having greater cocaine intake. This indicates that SHR made more responses during the 20 s timeout/cue light presentation period following each cocaine infusion. Acute atomoxetine pretreatment has cognitive enhancing effects via increased noradrenergic transmission (Gamo et al, 2010; Janak and Corbit, 2011) . Thus, it is possible that chronic atomoxetine treatment increased the salience of cocaine-paired cues in SHR during acquisition of cocaine self-administration via inhibition of norepinephrine uptake. As chronic atomoxetine treatment during adolescence selectively increases NET mRNA in the OFC during adulthood (Sun et al, 2012) , the OFC may be an important site of action for atomoxetine-induced changes in cocaine cue salience.
The results of this report suggest that alterations in DAT function and expression in OFC after atomoxetine treatment may also be of importance to cocaine self-administration behavior. Adolescent atomoxetine treatment increased the speed of acquisition of cocaine self-administration in adult WKY, but not SHR and WIS, and correspondingly decreased DAT function in OFC of SHR and WIS, but not WKY. In our previous work, atomoxetine treatment during adolescence was shown to differentially influence performance on a strategy set shifting task as well (Harvey et al, 2013) . Specifically, learning speed during the initial discrimination phase was decreased in SHR and increased in WKY and WIS after atomoxetine. During the set shift phase, atomoxetine improved learning accuracy exclusively in SHR, suggesting strain-dependent effects of atomoxetine on prefrontal cortical functions (Floresco et al, 2009) . In addition to decreases in V max of dopamine uptake at DAT in OFC, atomoxetine decreased cell surface expression of DAT in OFC in SHR, revealing an underlying trafficking-dependent mechanism for the observed decrease in OFC DAT function. It has been shown that repeated application of dopamine decreases DAT function and expression in the striatum in vivo and in a heterologous expression system in vitro (Gulley et al, 2002) . As dopamine is cleared by NET in mPFC and OFC, chronic atomoxetine treatment will increase extracellular dopamine concentrations in these brain regions, which may lead to decreased DAT surface expression, and subsequently to decreased DAT function as observed in the SHR OFC. In WIS, the identical atomoxetine treatment decreased DAT function in OFC, but did not decrease DAT cell surface expression, indicating a trafficking-independent mechanism. Taken together, these results suggest that atomoxetine may be protective against further enhancement of vulnerability to cocaine self-administration in SHR, via a long-lived reduction in DAT function and/or surface expression in OFC. Another variable that may confer this protection in SHR is the failure of adolescent atomoxetine treatment in SHR to increase DAT function in mPFC during adulthood. In our previous studies, adolescent methylphenidate treatment increased mPFC DAT function in SHR (Somkuwar et al, 2013) and further enhanced vulnerability to cocaine self-administration in SHR (Harvey et al, 2011) during adulthood.
Atomoxetine unexpectedly decreased DAT function and increased total DAT expression in SHR striatum. The increase in total striatal DAT expression may be a compensatory response to the decrease in DAT function. Also, atomoxetine increased total DAT expression in WIS and surface expression in WKY. Thus, atomoxetine alterations in striatal DAT expression were not specific to the strain with the ADHD phenotype. These results may reveal neuronal cross-talk between dopaminergic neurons in the striatum and noradrenergic neurons in cortex, where atomoxetine has a direct effect at NET (Swanson et al, 2006) .
CONCLUSIONS
This study demonstrates that the SHR phenotype models comorbid cocaine abuse and ADHD. Contrary to previous findings with methylphenidate, atomoxetine treatment did not further enhance vulnerability to cocaine self-administration in SHR. Although additional work is needed to confirm mechanisms and signaling pathways involved, our work suggests that the protection by atomoxetine against further enhanced cocaine abuse vulnerability in SHR may occur through decreased DAT function and decreased DAT cell surface localization in OFC, and sustained DAT function in mPFC. Taken together, the behavioral and neurochemical results suggest that atomoxetine may be a suitable alternative to stimulant treatment in ADHD teens in whom the risk of drug abuse may be a concern.
Moreover, while these studies do not raise critical concerns about the safety of atomoxetine, they do emphasize the importance of accurate diagnosis of ADHD. In the WKY control, atomoxetine speeded acquisition of cocaine selfadministration and did not alter OFC DAT. Misdiagnosis of ADHD, and subsequent atomoxetine treatment in teens could result in a more rapid development of abuse of cocaine.
FUNDING AND DISCLOSURE
This study was supported by Grant R01 DA011716 and a Kentucky Opportunity Fellowship (SS). The authors declare no conflict of interest.
